Counter WB, Wang IQ, Farncombe TH, Labiris NR. Airway and pulmonary vascular measurements using contrast-enhanced micro-CT in rodents. Am J Physiol Lung Cell Mol Physiol 304: L831-L843, 2013. First published April 5, 2013 doi:10.1152/ajplung.00281.2012.-Preclinical imaging allows pulmonary researchers to study lung disease and pulmonary drug delivery noninvasively and longitudinally in small animals. However, anatomically localizing a pathology or drug deposition to a particular lung region is not easily done. Thus, a detailed knowledge of the anatomical structure of small animal lungs is necessary for understanding disease progression and in addition would facilitate the analysis of the imaging data, mapping drug deposition and relating function to structure. In this study, contrast-enhanced micro-computed tomography (CT) of the lung produced high-resolution images that allowed for the characterization of the rodent airway and pulmonary vasculature. Contrast-enhanced micro-CT was used to visualize the airways and pulmonary vasculature in Sprague-Dawley rats (200 -225 g) and BALB/c mice (20 -25 g) postmortem. Segmented volumes from these images were processed to yield automated measurements of the airways and pulmonary vasculature. The diameters, lengths, and branching angles of the airway, arterial, and venous trees were measured and analyzed as a function of generation number and vessel diameter to establish rules that could be applied at all levels of tree hierarchy. In the rat, airway, arterial, and venous tress were measured down to the 20th, 16th, and 14th generation, respectively. In the mouse, airway, arterial, and venous trees were measured down to the 16th, 8th, and 7th generation, respectively. This structural information, catalogued in a rodent database, will increase our understanding of lung structure and will aid in future studies of the relationship between structure and function in animal models of disease. computed tomography; contrast agents; pulmonary circulation; airway nomenclature THE LUNG IS A COMPLEX ORGAN that works dynamically and must react to changes in posture, environment, and disease (20). Its major function is gas exchange, bringing oxygen into the body while removing carbon dioxide. To accomplish this task, a well-coordinated interaction between the lung and pulmonary circulation is essential. The rodent lung is comprised of two branching networks: the airways and pulmonary vasculature. With the advent of small animal imaging systems, researchers are able to visualize these networks in situ and noninvasively study the progression of lung disease and assess drug efficacy in animal models of disease. Much of this research involves combining the anatomical data obtained using computed tomography (CT) with the functional data obtained using single photon emission computed tomography (SPECT) or positron emission tomography (PET). A detailed knowledge of the structure of the lung would facilitate the mapping of functional data relative to lung anatomy and thus further our understanding of how changes in lung structure affect its function.
computed tomography; contrast agents; pulmonary circulation; airway nomenclature THE LUNG IS A COMPLEX ORGAN that works dynamically and must react to changes in posture, environment, and disease (20) . Its major function is gas exchange, bringing oxygen into the body while removing carbon dioxide. To accomplish this task, a well-coordinated interaction between the lung and pulmonary circulation is essential. The rodent lung is comprised of two branching networks: the airways and pulmonary vasculature. With the advent of small animal imaging systems, researchers are able to visualize these networks in situ and noninvasively study the progression of lung disease and assess drug efficacy in animal models of disease. Much of this research involves combining the anatomical data obtained using computed tomography (CT) with the functional data obtained using single photon emission computed tomography (SPECT) or positron emission tomography (PET). A detailed knowledge of the structure of the lung would facilitate the mapping of functional data relative to lung anatomy and thus further our understanding of how changes in lung structure affect its function.
Most rodent lungs are divided into five lobes (4 on the right and 1 on the left) by fissures (37) . The lung contains two zones, a conducting zone that transports air into and out of the lung and a respiratory zone where gas exchange occurs. The conducting zone starts at the trachea and branches into the two main bronchi that enter the lung. The bronchi continue to branch until they reach the respiratory zone, the alveolar sacs. To describe the airway network, two different naming systems are typically used. The most common of these, "generation," was introduced by Weibel in 1963 (39) . Starting with the trachea at generation 0, the generation number is increased by one at every bifurcation. This terminology is commonly used for the human airways but does not take into account the more asymmetric structure of the rodent lung. An alternative terminology, known as "order," was introduced by Wallau et al. in 2000 (38) to account for the asymmetry in the rodent lung. In this naming scheme, an airway segment can be assigned the same order as its parent segment if its diameter is significantly larger than that of its sister segments. Otherwise, all daughter segments receive an order one greater than that of their parent segment. This is not to be confused with the concept of order introduced by Horton and Strahler, which was applied to the human airways by Horsfield (9) in 1990. In this system, terminal segments are assigned an order of one and hence the tracheal order is dependent on the degree of segmentation. It is possible that neither generation nor order perfectly describes tree hierarchy within the rodent lung, and the choice of naming schemes may depend on the desired application.
The pulmonary airways are accompanied by an extensive vascular network, allowing the oxygenation of blood travelling through the lungs (37) . The pulmonary vasculature is comprised of two branching networks connected by a shared capillary bed, the actual site of gas exchange. The structure of both the arterial and venous vasculature within the lung is similar to that of the airways, permitting similar classifications of tree hierarchy.
A number of studies have examined lung structure by creating casts of either the pulmonary airways (4, 17, 24, 36, 39) or pulmonary vasculature (12) . The development of medical imaging techniques has allowed lung structure to be studied in situ. The segmentation of structures from medical imaging data has received significant attention (19) . The air in the conducting airways provides good contrast between that structure and the surrounding lung parenchyma and has resulted in a great deal of attention being directed toward the segmentation of the airways from clinical CT images (3, 5, 6, 16, 32, 34, 35, 43) . Several researchers have attempted to apply these same techniques to micro-CT images of small animals (2, 13, 29, 30, 33, 36) . Limitations in CT resolution often prevent adequate segmentation of the airways, and, as a result, several high-density contrast agents have been used. Segmentation of the pulmonary vasculature from micro-CT images presents an even more difficult task because of the similar intensity values between blood and soft tissue. Several groups have examined the use of different vascular contrast agents in small animals to study vascular anatomy and how it is affected by disease (7, 8, 14, 15, 22, 24, 28, 40, 44) . Although these techniques allow visualization of the pulmonary vasculature, they seldom include both the arterial and venous components and are mostly done ex situ (8, 14, 24) , potentially leading to an overinflation of the lung and a loss of its physiological dimensions.
The objectives of this study were to visualize both the pulmonary airways and vasculature of the Sprague-Dawley rat and BALB/c mouse in situ using contrast-enhanced micro-CT imaging postmortem. From these images, parameters such as diameter, length, and branching angles were automatically measured to create an anatomical database for normal rodent lungs. Imaging was done in situ to maintain the physiological shape and pressure of the lung.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 200 -225 g and male BALB/c mice (Charles River Laboratories) weighing 20 -25 g was used. One cohort of animals (n ϭ 5 rats, mice) was used for airway visualization, and a second cohort (n ϭ 5 rats, mice) was used for vascular visualization. All animals within a species were age, weight, and sex matched. All Fig. 1 . Airway visualization using contrastenhanced computed tomography (CT) (Microfil MV-122; Flowtech). A: maximum-intensity projection from the rat. B: segmented airway tree from the rat. C: maximum-intensity projection from the mouse. D: segmented airway tree from the mouse. Scale bars are 1 mm. animal experiments were approved by the Animal Research Ethics Board at McMaster University, in accordance with the Canadian Council on Animal Care guidelines.
Airway visualization using micro-CT. Microfil MV-122 (FlowTech, Carver, MA), containing lead chromate, was used as a highdensity contrast agent to visualize the conducting airways of rodents in micro-CT images. Animals were anaesthetized using 4 -5% isoflurane and then killed by exsanguination. A tracheotomy was immediately performed, and the contrast agent was infused in the airways using a perfusion pump (Thermo Electron, Beverly, MA) with a constant flow rate of 0.33 ml/min for rats and 0.033 ml/min for mice. Optimal infusion volumes were determined experimentally and found to be about 1 l/g body wt. Micro-CT images were acquired using a hybrid SPECT/CT (X-SPECT; Gamma Medica, Northridge, CA) with the following parameters: 1,024 projections, 75 kV peak, and 205 A. Images for rats were reconstructed using a Feldkamp filtered backprojection algorithm into 0.115-mm isotropic voxels to create a 512 ϫ 512 ϫ 512 image. Images of the mouse lung, which did not require as large a field-of-view as the rat lung, were reconstructed into 0.080-mm isotropic voxels using the same reconstruction algorithm. Several images were acquired pre (live animals) and post (postmortem) contrast agent delivery to verify that infusion of the contrast agent did not alter airway diameter.
Vascular visualization using micro-CT. Omnipaque (GE Healthcare), containing organically bound iodine (300 mg/ml), was used as a high-density vascular contrast agent. Following sedation with 4 -5% isoflurane, a catheter was placed into the tail vein, and heparin (10 mg/kg body wt) was administered. Omnipaque was then delivered via the tail vein catheter using a perfusion pump (Thermo Electron) with a constant flow rate of 5 ml/min for rats and 0.5 ml/min for mice. The femoral artery was severed to allow drainage of the perfusate. Following exsanguination, the lungs were inflated with air delivered via a tracheotomy to improve perfusion within the lung (3 ml for the rat, 0.3 ml for the mouse). Perfusion continued until the fluid draining from the severed femoral artery turned clear. The femoral artery was then clamped off to prevent leakage of the contrast agent during the image acquisition. The CT parameters and reconstruction algorithms were the same as for the airway visualization detailed above.
Airway and vascular segmentation. Images were smoothed using a three-dimensional (3D) Gaussian filter with a sigma value of one voxel and a kernel of three voxels. Regions corresponding to the lungs were manually extracted from the CT datasets using Amira 4.1.1 (Mercury Computer Systems, San Diego, CA). This included the removal of the descending aorta and the vena cava from each lung volume. A volume-growing algorithm was then employed to extract the high-density regions of interest, either the airways or vasculature, from the lung regions. The algorithm began with the manual selection of a seed point located at the approximate center of the main vessel (trachea for the airways, main pulmonary artery for arterial, main pulmonary vein for venous). Any of the seed point's six face neighbors were added to the segmentation if they satisfied one of the following two conditions: either 1) the voxel had an intensity value Ն1,500 hounsfield units (HU) or 2) the voxel was between 500 and 1,500 HU and its intensity value was two times the mean value of the group of its surrounding voxels. The procedure was repeated until no more voxels were added to the segmentation. The algorithm recorded the number of steps that each voxel was away from the seed point, which was used later to locate the terminal points of the structure and is referred to as a seed map. Terminal points were defined as the voxels of the segmented volumes that were most distal from the seed point and hence were identified as local maximums in the seed map. Segmentation of the pulmonary vasculature proceeded in a similar fashion using the same density (HU) thresholds. The vascular data required an additional step to separate the vasculature into the arterial and venous components. Voxels from the fully segmented vasculature were assigned to be either arterial or venous based on their proximity to voxels that belonged conclusively to either the pulmonary arteries or pulmonary veins. The process began with separate segmentations of both the arterial and venous trees, acquired by increasing the volumegrowing threshold so that no connected voxel path existed between the pulmonary arteries and veins. This allowed the pulmonary arteries to be segmented without segmenting the pulmonary veins and vice versa. The two separate segmentations were then alternatively dilated within the full vascular segmentation until most of the voxels in the full segmentation were assigned as either arterial or venous. A small percentage (Ͻ1%) of voxels from the full vascular segmentation were not assigned as arterial or venous because of their proximity to the shared capillary bed.
Anatomical measurements. Each of the three segmented structures (airway, arterial, venous) was measured by first detecting the relative positions of both its terminal points and its branching points. A branching point was defined as a single voxel representing the location of a bifurcation within a segmented structure (as detailed below). This allowed each of the structures to be modeled as a network of cylindrical tubes, or segments, connecting adjacent branching and terminal points. Each segment therefore consisted of two endpoints in 3D space and a diameter, which was measured along the length of the segment and averaged for that segment.
The segmented trees (airway, arterial, or venous) contained information regarding each voxel's distance from the initial seed point (seed map). Segmentations were also coded (distance map) to reflect each voxel's distance from the nearest background voxel (i.e., the nearest nonairway or nonvascular voxel). Terminal points were detected by searching for local maximums in the seed map. Identification of branching points was accomplished using a center-line extraction, or skeletonization, of the segmented structure (1, 10, 11, 17, 21, 23, 31, 42) . This was done by tracing each terminal point back to the seed point through the segmented volume. The seed map was used to drive each terminal point toward the seed point, whereas the distance map was used simultaneously to drive that path away from the object boundary. A smoothing step was used to optimize the path from each terminal point to the seed point. The center line was then coded to reflect the number of neighboring voxels of each point; terminal points have one neighbor, regular points have two neighbors, and branch points have three or more neighbors. A branching model, which is essentially a list of segment endpoints, was then created using the coded centerline. The distance map provided a measure of segment radius at all points along the center line and allowed a calculation of average radius (or diameter, D) for each segment. The length (L) of each segment was taken to be the distance between its two endpoints, which were either both branching points or, in the case of a terminal segment, a branch point and a terminal point. Branching angles were calculated by comparing the orientation of each segment with that of its parent. Two branching angles were calculated; theta () represents the absolute branching angle between parent and daughter segments while phi () represents the rotational angle between successive bifurcations. Additional segment parameters included diameter/diameter of parent (D/D P), length/length of parent (L/LP), and length/diameter (L/D).
The validity of the automated anatomical measurements was measured by a Bland-Altman plot comparing a random selection of vessel diameters with standard manual measurements from the original contrast-enhanced CT image. Measurements were made by three individuals with extensive experience in lung CT measurements. Values lying within the 95% confidence interval of the difference between the automated and manual measurements were taken to imply agreement. For the manual measurements, interrater and intrarater reliability were assessed using Pearson's correlation coefficient.
Segment classification. The generation number and order were determined for each segment according to the schemes introduced by Weibel (39) and Wallau et al. (38) , respectively. We chose not to apply the Horsfield ordering scheme because of its dependence on the degree of segmentation (9) . Generation number was assigned starting with the trachea as generation 0 and increasing generation number by one at each branching point. Order was assigned to each segment by first determining whether the bifurcation was symmetric or asymmetric. An asymmetric bifurcation was defined as one in which the diameters of the daughters differed by Ͼ10% of the larger segment. In this case, the larger daughter was assigned the same order as the parent segment, and the smaller daughter was assigned an order one greater than the parent segment. In the case of a symmetric bifurcation, both daughters were assigned an order one greater than the parent segment. The trachea was assigned an order of zero, and the two main bronchi were assigned an order of one. Each segment was assigned to one of the five lobes by defining the main segment entering each lobe. Segments were defined as major or minor depending on whether they had the same order as their parent. Segments were also divided into five diameter groups and analyzed (25) . Different diameter categories were used for the rat and mouse lungs.
RESULTS
The airway, arterial, and venous trees of the SpragueDawley rat and BALB/c mouse lung have been visualized and segmented from contrast-enhanced CT images ( Figs. 1 and 2) . Each of the segmented volumes was modeled as a network of cylindrical tubes by detecting the location of the bifurcation points using a skeletonization algorithm (Fig. 3) . The smallest vessels that were able to be resolved, segmented, and measured had diameters equal to two times the voxel dimension (0.23 mm for the rat and 0.16 mm for the mouse). The lobe, generation, and order were determined automatically for each segment (Fig. 4) . No significant differences between airway diameters from gated end-inspiratory images and the contrastenhanced postmortem images were observed (Fig. 5A ). No significant difference was found between automated measurements made from the segmentation models of the airways and vasculature and the standard manual measurements obtained from the CTs (Fig. 5B) ; automated and manual measurements agreed to within 10%. For the manual measurements, interrater variability had R 2 ϭ 0.93, and intrarater variability had R 2 ϭ 0.99. was found to be 163.25° (SD 103.26) . Approximately 94% of all segments had a diameter less than that of their parent, and D/D P was 0.68 (SD 0.20). The mean L/D was found to be 3.08 (SD 2.12). Refer to Table 2 for the complete list of measurements.
The airways and vascular trees of the rat were also grouped into one of five diameter categories ranging from D Ն1 mm (D1) to D Ͻ0.25 mm (D5) ( Table 3) . For the airways, about 87% of the segments had diameters Ͻ0.5 mm, whereas only 4% had diameters Ͼ1 mm. The larger airways (D Ն1 mm) were relatively longer in length and had smaller branching angles than those with diameters Ͻ1 mm. For the arterial system, about 56% of the segmented vessels had diameters Ͻ0.5 mm, whereas 11% had diameters Ͼ1 mm. Like the airways, the larger arterial segments (D Ն1 mm) were relatively longer in length and had smaller branching angles than those with diameters Ͻ1 mm. For the venous system, about 57% of the segmented vessels had diameters Ͻ0.5 mm, whereas about 16% had diameters Ͼ1 mm. The airways and vascular trees of the mouse were divided into five distinct diameter categories ranging from D Ն0.8 mm (D1) to D Ͻ0.2 mm (D5) ( Table 4 ). The distribution of vessels within the distinct diameter groupings was similar to that of the rat. No arterial vessels of the mouse had diameters falling into the largest diameter category (D Ն0.8 mm).
Selected parameters were plotted as a function of generation number for each of the three physiological trees for both rats (Fig. 6) and mice (Fig. 7) . For both rats and mice, the airway, arterial, and venous data show similar trends as a function of increasing generation number. For the airways, both the diameter and length appear to exhibit a rapid decline as a function of generation number. Although less pronounced, a similar decrease as a function of generation number existed for the lengths and diameters of both the arterial and venous data. pulmonary components, the intermediate generations (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) were the most numerous. Additional data, such as length and branching angles ( and ), are shown in Fig. 8 (rats) and Fig. 9 (mice). Numerical data for diameter and length measurements as a function of generation number are provided in Table 5 (rats) and Table 6 (mice). For the rat data, we compared our diameter measurements with those made by Lee et al. (18) in Sprague-Dawley rats and Yeh et al. (41) in Long-Evans rats (Fig. 10) .
DISCUSSION
With the use of contrast-enhanced CT, the airways and pulmonary vasculature of the Sprague-Dawley rat and the BALB/c mouse were visualized postmortem. Segmentations from these images were modeled as a series of connected cylinders, and automated measurements of the airway, arterial, and venous trees were acquired. These anatomical measurements were analyzed by grouping segments using the traditional nomenclature for the lung, generation, and by diameter for each of the three biological trees.
For the rat, airway dimensions have been measured down to the 20th generation, whereas the dimensions of the arterial and venous components of the pulmonary vasculature have been measured down to the 16th and 14th generation, respectively. For the mouse, airway dimensions have been measured down to the 16th generation, whereas the dimensions of the arterial and venous components of the pulmonary vasculature have both been measured down to the 8th and 7th generations, respectively. This discrepancy in number of segmentable generations between the airways and vasculature is because of the removal of the shared capillary bed of the pulmonary vasculature.
Although the number of segments is considerably larger for the airway data than for either the arterial or venous data, the various parameters behave in a similar manner as a function of generation number. Similar relationships also exist between species. Average diameters and lengths as a function of generation number exhibit similar patterns. The average ratio between diameter and parent diameter remains relatively constant across all generations for both rats and mice. Both species
Airway
Arterial Venous While limitations with image resolution did prevent the measurement of the smallest vessels that may contribute to the observed distribution of generation numbers, we believe it was primarily the result of the more asymmetric structure of the rodent lung.
For the airways, we compared our airway diameter measurements as a function of generation number with those made by Lee et al. (18) and Yeh et al. (41) . Our data exhibited a similar trend to that of Lee et al. The slightly larger values obtained by Lee et al. were likely the result of the fact that their measurements were made in older rats (27) . Sera et al. (29) reported an average D/D P value of 0.89 for the rat airways, measured using microfocal X-ray CT, which is similar to our value of 0.80 (SD 0.22). They also reported an average L/D value of 2.06, which is similar to our value of 2.66 (SD 1.90). Several authors have looked at the correlation between a segment's length and diameter (18, 25, 26, 29) . Phalen et al. (25) and Phillips et al. (26) , taking measurements from the same airway cast, measured L/D values for both major and minor segments. For the major segments, they reported an average L/D value of 1.10 (SD 0.66) while we measured it to be 2.47 (SD 1.88), and, for the minor segments, they reported it to be 1.90 (SD 0.62) while we measured it to be 2.76 (SD 1.92). There are a couple of noticeable differences between our study and those of Phalen and Phillips that may account for these discrepancies. Different strains of rat (Long-Evans) were used, and our average measurement included all segmentable airways while they limited their analysis to segments with diameters Ͼ0.4 mm. This relationship (L/D) has been used to predict a segment's diameter based on its length, or vice versa. Although the current study is in good agreement with previously stated values, we found a large degree of variability in this relationship. The parameter D/D P may provide a more reliable indicator of segment diameter provided that the diameter of the parent segment is known. A similar study of airway dimensions in three different mouse strains has been performed by Thiesse et al. (31) . The increased resolution of their scanner permitted comparable degrees of airway segmentation without the need for contrast agents. They measured airway diameters in the BALB/c mice that were slightly larger than the diameters that we have reported. We believe that their larger-diameter measurements are the result of inflating the lung with a pressure beyond normal end-inspiratory pressure. In our study, both the airway and vascular contrast agents were instilled at low flow rates, creating pressures that we believe were more representative of normal end-inspiratory pressures.
Segments of the various lung structures have been categorized by both generation and order. When comparing the concepts of generation and order, a useful analogy is that of road intersections. In the concept of generation, the main road splits into two smaller roads, whereas, in the concept of order, a smaller road breaks off the main road, which continues in roughly the same direction (although the "main road" becomes progressively narrower). The process of determining order is also dependent on segment diameter, and small variations in these diameter measurements can lead to an inconsistent ordering of segments. Generation, on the other hand, provides a more robust naming terminology that can be applied on a segment-by-segment basis. It is widely used for human airway nomenclature and has also been used by other researchers for rodent airways (18, 29, 30) . Thiesse and colleagues (33) developed a novel nomenclature for rodent airways that assigns a unique name to each vessel based on its lobe and branching pattern. We believe that their naming system, although useful The current study has several limitations. First is the resolution of the micro-CT system, which limits the ability to visualize and resolve the finer elements within the rodent lung. The resulting partial-volume effects can lead to variability in the segmented volumes and hence the number of segmented vessels. Thus, as mentioned, the smallest vessels that we were able to measure had diameters of two times the voxel dimension (0.23 mm for rats, 0.16 mm for mice). Variability in the distribution of the contrast agent could also contribute to this segmentation variability. A small gravity-based dependence was observed that resulted in a more complete instillation of contrast material into the lower regions (in this case dorsally because of the supine position). Due to the complexities of the pulmonary vascular network and its shared capillary bed, segmentation of vascular volumes included a reduced number of vessels compared with that of the pulmonary airways. Together, these limitations prevented us from resolving all of the smaller vessels within the rodent lungs. A further limitation was that our measurements were made postmortem and therefore do not allow dynamic and longitudinal studies to be performed.
Our objective was not to measure every vessel in the lung but to understand the anatomy of the rodent lung. The visualization, measurement, and categorization of the airway and pulmonary vascular trees of Sprague-Dawley rats and BALB/c mice, commonly used to model lung disease, have provided us with an increased knowledge of lung structure that will aid in further studies of how changes in lung structure affect its function. This anatomical information will also aid in future regionalization of lung imaging data. . Note: the rats used in the Lee et al. study were older and larger than the rats used in this study, which we believe explains their larger measurements.
